assuming that the excitation temperature equals the dust temperature of 14 K in these dense clouds. We derived the column density of dust from the optically thin 850 mm emission using a dust mass absorption coefficient 16 of k 850 mm ¼ 1.8 cm 2 g 21 . Both quantities are highly correlated, as shown in Fig. 3 (confidence level P . 0.99), corresponding to a gas-to-dust mass ratio of 120^24 in full agreement with the canonical value for the Milky Way. To bound the uncertainties, we used the synchrotron subtracted and baseline flattened 850 mm map from Dunne et al. 1 to estimate a gas-to-dust ratio of 105^21. The good agreement with the value from our reduction of the same data shows that the result does not depend on the submillimetre data reduction procedure.
The Kuiper belt 1 extends from the orbit of Neptune at 30 AU to an abrupt outer edge about 50 AU from the Sun 2 . Beyond the edge is a sparse population of objects with large orbital eccentricities 3, 4 . Neptune shapes the dynamics of most Kuiper belt objects, but the recently discovered planet 2003 VB12 (Sedna 5 ) has an eccentric orbit with a perihelion distance of 70 AU, far beyond Neptune's gravitational influence [6] [7] [8] . Although influences from passing stars could have created the Kuiper belt's outer edge and could have scattered objects into large, eccentric orbits 9, 10 , no model currently explains the properties of Sedna. Here we show that a passing star probably scattered Sedna from the Kuiper belt into its observed orbit. The likelihood that a planet at 60-80 AU can be scattered into Sedna's orbit is about 50 per cent; this estimate depends critically on the geometry of the fly-by. Even more interesting is the ,10 per cent chance that Sedna was captured from the outer disk of the passing star. Most captures have very high inclination orbits; detection of such objects would confirm the presence of extrasolar planets in our own Solar System.
In the planetesimal theory, planets grow from mergers of smaller, slowly moving objects embedded in a gaseous, circumstellar disk surrounding a young star 11 . For reasonable initial disk masses 12 , this process yields 1,000-km radius planets with roughly circular orbits in letters to nature 50-100 million years (Myr) at 70 AU (refs 13, 14) . To scatter a 1,000km planet into a Sedna-like orbit, a much larger planet must form at roughly the same distance. These more massive planets take at least a gigayear (Gyr) to form and should be rare. Despite extensive searches, none have been detected 5, 15 . Thus, in situ formation of a planet with Sedna's current properties seems unlikely.
A chance encounter between the Sun and another star is a more plausible explanation for the orbit of Sedna. Previous numerical simulations show that a fly-by of a solar-type star, with a distance of closest approach q f <150-200 AU, scatters objects at 60-80 AU into very eccentric orbits and truncates the Kuiper belt at its observed edge 9, 10 . A more distant fly-by, with q f <500-1,000 AU, lifts objects from Neptune-crossing orbits into Sedna-like orbits, leaving the rest of the Kuiper belt relatively unchanged 16 . Although other mechanisms for truncating the Kuiper belt are possible [17] [18] [19] , they are inconsistent with the apparent formation of 1,000-km planets in the larger disks observed around several nearby stars 20, 21 . Here we improve on previous fly-by calculations and derive an initial orbital distribution of Kuiper belt objects from a detailed planet-formation calculation 22, 23 . We then use a complete set of N-body simulations to provide the first estimates of the likelihood that a close encounter would have produced the observed edge to the Kuiper belt and planets in Sedna-like orbits.
The discovery of Sedna also prompted us to consider an exciting new possibility: captures from the Kuiper belt of the passing star. Like most stars, the Sun probably formed in a star cluster and experienced a close encounter with another cluster member 24 . Encounters with field stars are unlikely 25 . Cluster lifetimes of 100 Myr to 1 Gyr (ref. 24 ) allow a solar-type star to produce 1,000-km objects as far out as 100 AU. Thus, both the Sun and the passing star probably had extended planetary disks at the start of their encounter. By analogy with galaxy collisions 26, 27 , the two stars can exchange a significant amount of outlying material during a fly-by, depending on the geometry of the encounter and the properties of the planetary systems. Here we adopt a cluster age of Myr for the encounter, and use planet formation and N-body simulations to provide the first assessment of the probability that a close pass could yield the observed edge to the Kuiper belt and the capture of an extrasolar planet into a Sedna-like orbit.
Consistent with formation in a star cluster with a velocity dispersion 28 of 1 km s 21 , we assume that the star and the Sun have equal mass and orbit as a marginally bound pair. Modest differences in starting conditions have no qualitative impact on our results. During the fly-by, tidal shear dramatically increases orbital eccentricities in the disk at large heliocentric distances; objects closer to the Sun are unperturbed. Simulations that produce a sharp edge in the Kuiper belt yield a correlation between q f and i f , the inclination of the fly-by trajectory relative to the invariable plane of the Solar System. For low-inclination orbits, where the passing star corotates with the disk, q f must exceed 120 AU to avoid disrupting the Kuiper belt. Counter-rotating fly-bys with i f ¼ 908-1808 require smaller q f values to produce the observed edge ( Fig. 1 ). The simulations suggest i f (in degrees) <275 2 1.6q f . For a specific q f ¼ 90-160 AU, this expression yields i f to an accuracy of <10% for corotating encounters and i f to <30% for counter-rotating orbits, where tidal shear is more broadly distributed in the disk and the edge is less sharp. In both cases, post-fly-by collisional grinding removes additional material from the Kuiper belt and accentuates the outer edge. Detailed collision models 22, 23 suggest that grinding and shear reduce the mass by 98% to 99.9%, which is close to observational estimates 29 .
We may further constrain the passing star's trajectory by assuming that Sedna is indigenous to the Solar System. Simulations then identify the fly-by configurations that scatter objects into Sedna-like orbits, defined to have modest inclination (i ,308), and large eccentricity and perihelion distance (e .0.5 and q .50 AU). Figure 2 shows results for two encounters where planets are scattered from nearly circular orbits at 80 AU into Sedna-like orbits, a corotating fly-by with q f ¼ 160 AU and i f ¼ 238, and a counter-rotating fly-by with q f ¼ 90 AU and i f ¼ 1728. Both fly-bys scatter ,10% of the objects from an annulus at 80^2.5 AU into high-eccentricity orbits. After 50-200 Myr, our coagulation calculations produce 5-25 planets with radii of 500-2,000 km at 80^2.5 AU. Thus, a fly-by that makes the current edge to the Kuiper belt also produces at least one indigenous object in a Sednalike orbit. Roughly 95% of these 'successful' fly-bys are corotating encounters. The chance of a Sedna-like orbit is fairly independent of the starting distance or the initial orbital eccentricity. Roughly 2% of the 40-200 large planets formed in circular orbits at 60-80 AU scatter into a Sedna-like orbit. We derive similar results for the 50-500 planets with e .0.5 and q .35 AU in a 'scattered disk' (Fig. 3 ), suggesting that formation of a Sedna-like orbit from a scattered disk is two to three times more likely than formation from planets in initially circular orbits. Assuming both paths produce Sedna-like orbits, we predict 3-30 Sedna-like objects compared to the 30-100 estimated from the detection of a single Sedna at 90 AU.
Surprisingly, the probability that captured planets have Sednalike orbits is also significant. When the trajectory of the Sun and the disk of the passing star corotate, the Sun captures up to a third of the extrasolar objects initially in orbit at distances of 60-80 AU from the passing star (Fig. 2 ). This 'capture efficiency' depends on q f and the angle i 0 f between the rotational axes of the two disks. The capture efficiency is 10% to 30% for q f #120 AU and i 0 f # 808; and falls to ,5% for q f <160 AU and i 0 f # 458: For fly-bys with many captures, counter-rotating fly-bys yield more Sedna-like objects than corotating fly-bys. For a random ensemble of fly-bys that produce the observed edge of the Kuiper belt, the probability of a capture into a Sedna-like orbit is ,5%.
The probability estimates for indigenous and captured planets with Sedna-like orbits assume a fly-by that produces the observed outer edge of the Kuiper belt. Simple estimates of the evolution of letters to nature star clusters indicate a reasonable probability, ,15%, for a stellar encounter within 160 AU during the first 1 Gyr of the solar lifetime 24 . Because the Sun is heavy enough to remain in the cluster as the cluster evaporates, 30% to 50% of the encounters probably occur during the first 100 Myr of the solar lifetime. Thus the total probability of producing at least one object with a Sedna-like orbit in the Solar System is reasonably large, ,5% to 10% for an indigenous object and ,1% for a captured object. These probabilities are significant compared to the chance of finding a Solar System like our own around any solar-type star, ,1% or less 24 .
The simulations demonstrate that fly-bys leave unique signatures on the dynamics of the outer Solar System. Corotating fly-bys produce a single population with orbital inclination i <108 at 100-500 AU; counter-rotating fly-bys produce a cold population with i #108 and a hotter population with i $308 (Fig. 2) . Fly-bys with an initial scattered disk of objects at 60-80 AU yield broader, but still distinct, distributions in inclination (Fig. 3) . The two inclination populations of counter-rotating fly-bys qualitatively resemble the two observed populations of Kuiper belt objects at 40-50 AU (ref. 30 ). Systematic searches for high-inclination objects in the outer Solar System can distinguish between corotating and counterrotating fly-bys and can estimate the relative fraction of objects in a scattered disk at the time of the fly-by.
Orbits of individual objects also test the models. Some flybys produce objects with orbital elements similar to 2000 CR 105 , a ,1,000-km planet with q ¼ 44 AU, e ¼ 0.8 and i ¼ 228. Although 2000 CR 105 is closer to Neptune than Sedna, the known planets probably could not have scattered 2000 CR 105 into its present orbit 7, 16 . The corotating fly-by in Fig. 2 cannot produce orbits with the large range of inclination observed in Sedna and 2000 CR 105 , but counter-rotating fly-bys yield a broad range of orbits that encompass the observations. Both types of fly-by generate orbits similar to those of 2000 CR 105 and Sedna from a scattered disk (Fig. 3 ). Long-term simulations suggest that interactions with Neptune broaden the inclination distributions of corotating fly-bys, forming objects with orbital elements closer to both 2000 CR 105 and Sedna. From these simulations, we estimate that 2000 CR 105 is two to three times more likely to be a captured planet than Sedna. Because our calculations are the only known way to produce high-inclination objects, searches at high ecliptic latitude provide the best test of this mechanism for Sedna formation. Detection of objects with i $408 would clinch the case for the presence of extrasolar planets in the outer Solar System. A Large black triangles represent the orbital elements of 2000 CR 105 . In the upper panels, objects below the dashed lines cross the orbit of Neptune; in the middle panels, objects above the dashed lines cross the orbit of Neptune. Cyan points indicate planetary orbits initially distributed between 30-80 AU (Fig. 1) , with initial eccentricity e 0 ¼ 0.02 and initial inclination i 0 ¼ 0.58. Blue points indicate orbits initially at 80^2.5 AU, with e 0 ¼ 0.05 and i 0 ¼ 18. Magenta points indicate objects captured by the Sun from the disk of the passing star. Each simulation consisted of 1,000 particles. letters to nature Figure 3 Orbital elements of planets, initially in a 'scattered disk', after a fly-by, as described in Fig. 2 . The planets are placed initially at 40-80 AU with p / a 21 , as in Scalable quantum computation 1 and communication require error control to protect quantum information against unavoidable noise. Quantum error correction 2,3 protects information stored in two-level quantum systems (qubits) by rectifying errors with operations conditioned on the measurement outcomes. Error-correction protocols have been implemented in nuclear magnetic resonance experiments 4-6 , but the inherent limitations of this technique 7 prevent its application to quantum information processing. Here we experimentally demonstrate quantum error correction using three beryllium atomic-ion qubits confined to a linear, multi-zone trap. An encoded one-qubit state is protected against spin-flip errors by means of a three-qubit quantum error-correcting code. A primary ion qubit is prepared in an initial state, which is then encoded into an entangled state of three physical qubits (the primary and two ancilla qubits). Errors are induced simultaneously in all qubits at various rates. The encoded state is decoded back to the primary ion one-qubit state, making error information available on the ancilla ions, which are separated from the primary ion and measured. Finally, the primary qubit state is corrected on the basis of the ancillae measurement outcome. We verify error correction by comparing the corrected final state to the uncorrected state and to the initial state. In principle, the approach enables a quantum state to be maintained by means of repeated error correction, an important step towards scalable fault-tolerant quantum computation using trapped ions.
Error-correcting codes that utilize entanglement to rectify unknown errors in qubits are an important ingredient for largescale quantum information processing 1-3 (QIP). Owing to the fragility of quantum states, the presence of noise during both storage and entangling operations diminishes any gain achieved through the use of QIP without error correction. For example, the realization of long-distance quantum cryptography requires protection from the effects of noise on communication channels 8 . In addition, quantum error correction will be necessary for applications of quantum computing such as efficient factorization of large numbers 1, 9 . It is notable that any of an infinite set of qubit errors can be corrected through quantum error correction by means of a finite set of unitary operations conditioned on measurement.
Although there has been extensive theoretical research in the area of quantum error correction, experimental work has been limited to protocol process verifications by means of liquid-state nuclear magnetic resonance. These experiments [4] [5] [6] showed an increase in state fidelity after performing the unitary operations of an errorcorrection protocol, but using techniques known not to scale efficiently with the number of qubits 7 . Furthermore, the ancillae cannot be reset in these experiments, whereas the experiment we describe provides this capability. In principle, the protocol demonstrated here can be repeated with the same qubits as many times as required by a particular quantum algorithm.
We describe the implementation of a quantum error-correcting code (QECC) using three physical qubits, here denoted as the primary qubit and ancillae 1 and 2, to encode and protect one logical qubit from spin-flip errors (a p rotation around the x axis, in this case). Each qubit comprises two hyperfine states of a 9 Be þ ion and can be coherently manipulated by means of laser pulses 10, 11 . We implement the QECC by (1) preparing the state the primary qubit, (2) encoding this state into the logical state of all three qubits through use of an entangling operation, (3) applying an error rotation (that induces spin-flips upon measurement) to all three qubits, (4) decoding the logical state to the primary qubit, (5) measuring the state of the ancillae, and finally (6) applying correction operations to the primary qubit dependent upon the ancillae measurement outcome. The error correction is performed deterministically in every experiment. The results indicate that such methods, coupled with other recent experimental advances [11] [12] [13] [14] , may lead to scalable QIP in a system of trapped ions.
In contrast to the standard repetition code 2,3,15 , the QECC described and implemented here (see Fig. 1 ) can not be obtained by application of the superposition principle to a classical errorcorrection code. It is a stabilizer code 15 with stabilizer group generators {ZZX, ZXZ}. These generators are tensor products of Pauli operators (X ¼ j x , Z ¼ j z ) operating on the qubits 1, 2 and 3. By calculation of the commutation relations of the generators with various error sets, it can be seen that as an error-detecting code, the QECC presented here detects not only spin-flips on any qubit but also a spin-flip or phase-flip on qubits 2 and 3. As an errorcorrection code, it will correct a spin-flip on any of the three qubits (the case for this work), but it can instead be used to correct a spinflip on qubit 1 and a spin-flip or phase-flip on qubit 2 or qubit 3, for example. Another possible implementation can correct a spin-flip on qubit 1 and a phase-flip on either of the other two qubits.
In the experiment, we use 9 Be þ ions confined to the axis of a multi-zone linear radio frequency Paul trap 11 similar to that described in ref. 16 . The qubits comprise the electronic groundstate hyperfine levels jF ¼ 1; m F ¼ 21l and jF ¼ 2; m F ¼ 22l (denoted as j " l and j # l respectively, by analogy to the states of a spin-1 2 particle). Here F is the total angular momentum and m F is its projection along the quantization axis. The qubits are entangled with a three-qubit phase gate utilizing the ions' quantized axial vibrational modes 17 (see Methods section and Fig. 2b) 
are realized with two-photon stimulated-Raman transitions 10, 18 implemented by two laser beams having a relative frequency detuning equal to the qubit transition frequency. Here j x and j y are the usual Pauli operators, I is the identity operator, v is the rotation angle, and f is the angle of the rotation axis in the x-y plane. Rotations around an axis A by an angle v will be denoted A v , for example, X p/2 ¼ R(p/2, 0), although for rotations around an axis by p we will omit the angle subscript, for example, X ¼ R(p, 0). Measurement is accomplished through projection of the state of each qubit using state-dependent resonance fluorescence (an ion in the j # l state fluoresces, whereas an ion in the j " l state does not). The ions can be transported from one zone of the trap to another
